The Tec-family kinase Itk plays an important role during T-cell activation and function, and controls also conventional versus innate-like T-cell development. We have characterized the transcriptome of Itk-deficient CD3 + T-cells, including CD4 + and CD8 + subsets, using Affymetrix microarrays.
Background
The Tec family of non-receptor protein-tyrosine kinases consists of five members (Bmx, Btk, Itk, Rlk/Txk and Tec); T-cells express Itk, Rlk and Tec, and T-cell receptor (TCR) stimulation leads to the activation of Tec family kinases [1, 2] . A large number of biochemical studies and the generation of mice that are single-or double-deficient for Itk, Tec or Rlk have identified important roles, in particular for Itk, during T-cell development and activation, and in Th2 effector differentiation. Itk -/mice show impaired positive selection of CD4 + T-cells and it was suggested that Itk modulates signaling thresholds during T-cell development [3] [4] [5] . TCR signaling in naïve T-cells, and therefore activation and proliferation, is impaired in the absence of Itk, and Itk -/-T-cells show defective Th2 polarization [6] . Further, Itk regulates the actin cytoskeleton and is therefore necessary for proper synapse formation and for efficient T-cell activation [7, 8] . More recent data indicate that Itk is involved in signaling pathways that regulate conventional versus innate-like T-cell development. The majority of CD8 + T-cells from Itk -/as well as from Itk -/-Rlk -/mice show a more "innate-like" T-cell phenotype, sharing characteristics with conventional memory T-cells, i.e. CD44 hi , CD62Land CD122 hi [9] [10] [11] . These cells depend on IL-15, express TCRs specific for non-classical MHC class Ib molecules, and exhibit direct effector functions such as rapid IFNγ production upon PMA/ionomycin stimulation [9] [10] [11] [12] . A significant fraction of innate-like CD44 hi CD62L -Tcells has also been described for the CD4 + T-cell lineage in Itk -/mice [13] .
Biochemically, the defects in T-cell activation were linked to an impaired phospholipase C-γ (PLCγ) phosphorylation and activation [5] . PLCγ hydrolyzes phosphatidylinositol-4,5-biphosphate to produce inositol-1,4,5triphosphate (IP 3 ) and diacylglycerol (DAG). IP 3 induces the release of intracellular calcium (Ca 2+ ) thereby activating the serine/threonine phosphatase calcineurin. Itk activation results in high levels of IP 3 , which is required for Ca 2+ entry via store-operated channels leading to increased Ca 2+ in cells stimulated via the TCR [5] . Both Ca 2+ and calmodulin will bind and activate calcineurin, which in turn dephosphorylates serines in the regulatory domain of cytosolic NFAT. This induces a conformational change in NFAT exposing nuclear localization signals allowing its transport into the nucleus [14] . In Itk-deficient T-cells the Ca 2+ -levels are reduced resulting in impaired NFAT translocation [6] . Mice deficient in NFAT family members share phenotypes with Tec kinase familydeficient mice, as described by Lucas et al. [15] . The NFAT family was first described as binding to and controlling the interleukin 2 (IL-2) promoter and other lymphokine promoters in T-cells [14] . The family consists of five members; NFATc1-4 and NFAT5 [16, 17] . Efficient inhibitors for the activation of NFAT proteins have been developed. Two of these, Cyclosporin A (CsA) and FK506, indirectly inhibit NFAT by blocking the enzymatic activity of calcineurin.
In order to further decipher the role of Itk we have investigated changes in gene expression of CD3 + as well as CD4 + and CD8 + T-lymphocytes in normal and Itk-defective mice. The aim of the study was to (1) define the transcriptome in unstimulated cells, (2) elucidate the influence of anti-CD3 and anti-CD3/CD28-stimulation and (3) to dissect which part of the observed alterations in Itk-deficiency is dependent on the calcineurin/NFAT pathway.
Methods
Mice and generation of T-cells CD3 + as well as CD4 + and CD8 + T-cells from pooled suspensions of spleen and lymph nodes of Wt and Itk -/mice on C57BL/6 background were isolated by negative depletion; antibodies used are listed in Additional file 1. The cell suspensions were incubated with the antibodies in PBS supplemented with 2% FCS. Streptavidin beads (BD Pharmingen) were used for negative depletion according to manufacturer's instructions. The purity of the cells was assessed by flow cytometry and was routinely >90% CD3 + , >96% CD4 + and >90% CD8 + T-cells. All animal experiments were approved by the Federal Ministry for Science and Research.
T-cell stimulations and Cyclosporin A treatment
Unstimulated as well as stimulated T-cells were studied. Stimulations were performed in 48-well plates, coated with anti-CD3 (1 μg/ml) with or without anti-CD28 (3 μg/ml) in the presence or absence of CsA (1 μg/ml) for 24 hrs. For each stimulus, at least duplicate samples were used in all but one experiment. For the CD4 + T-cells we collected triplicates from the Itk -/mice and duplicates from the Wt group. For the CD8 + T-cells, we got duplicates from Itk -/-, while we obtained a single sample from Wt owing to the low cell yield for resting Wt CD8 + T-cells. After anti-CD3-stimulation we got a single sample from the CD8 + subset of both Wt and Itk -/-, while for the CD4 + subsets we collected duplicates. To control if the number of differentially expressed probe-sets was truthful in the CD8 + subset, and not due to the lack of replicates, we analyzed the CD4 + in the same way as the CD8 + T-cells. The results were consistent and we found the same number of differentially expressed transcripts when single CD4 + samples were studied separately.
Signal values were then used in further statistical analysis steps such as paired and unpaired Student t-test in Excel. Some comparisons were performed using the chi square (χ 2 ) test. Immunoglobulin and histocompatibility transcripts were excluded from the tables, since changes in their expression may be secondary to events unrelated to Itk-deficiency. Also the Xist and Tsix transcripts, X-chromosome encoded and unique to females, as well as Y-specific mRNAs were removed owing to that we used mixed sexes of mice in the experiments. One probe set that corresponded to Itk (1456836_at) was found to also be complementary to an EST gene (recognized at Ensembl) [23] and was therefore only included in the Additional material. We manually annotated a group of genes on the basis of prior knowledge about their role in the immune system. The 900 probe-sets list of differentially expressed transcripts between unstimulated Itk -/and Wt T-cells was used for this purpose. The classification resulted in 14 subgroups.
Validation of differentially expressed genes using quantitative RT-PCR
Total RNA (100 ng) was reversed-transcribed into cDNA with AMV reverse transcriptase using random hexamer primers (Roche Applied Science, IN, USA). TaqMan Gene Expression Assays from Applied Biosystems were used to confirm the microarray data and it was done as previously described [24] . The validated genes were Klrg1 (Mm00516879_m1), Klra3 (Mm01702813_m1) and Klra7 (Mm01183384_m1). 18S rRNA was used as endogenous control.
Chromatin-immunoprecipitation for detection of NFATc1binding
Whole splenic and thymic cells were used for chromatinimmunoprecipitation (ChIP) assay. The cells were lysed by ammoniumchloride solution to remove erythrocytes, counted and divided into three groups each. One group was untreated, while the other two were treated with anti-CD3ε(1 μg/ml) with or without pre-treatment of CsA (1 μg/ml) for 1 hour. The stimulated cells were incubated for 24 hrs in 37°C with 5% CO 2 . The protocol for ChIP was described by Yu et al. [25] with the following modifications. After sonication and centrifugation, lysates were incubated with 1 μg of polyclonal anti-NFATc1 (K-18) antibody (sc-1149-R, Santa Cruz Biotechnology, Inc.) or rabbit normal Ig overnight at 4°C with rotation. Identification of targets was done by PCR using primers for the genes corresponding to IL2, IL7R, Schlafen1, Bub1, Ctla2a and Ctla2b (Additional file 2).
Results

Transcriptional changes in the absence of Itk in unstimulated CD3 + T-cells
In order to survey Itk-dependent transcriptional signatures we initially conducted microarray analysis on MACS-sorted CD3 + primary, unstimulated T-cells from Itk -/and Wt mice. The number of probe-sets changing ≥ 2fold in Itk -/compared to Wt samples was 900 (2% of the total number of probe-sets on the MOE 430 2.0 chips), which is equivalent to 56% up-and 44% down-regulated probe-sets (33% with p < 0.05). From the 900-list we show the 60 most significantly up-and down-regulated transcripts in Itk-deficiency (Table 1) . Most up-regulated were the killer cell lectin-like receptors Klra3 and Klra8, followed by granzyme M. Oligoadenylate synthetase-like 2 (Oasl2) was the most down-regulated transcript, next was actinin alpha 2 (Actn2). Furthermore, from the 900 probe-sets we have manually extracted 106 immune response-related genes and divided them into 14 different subgroups ( Table 2) . Of the 106 genes 10% were Klrs and 8.5% encoded transcription factors (Table 3 ). Additional file 3 shows the individual genes in each category.
Transcriptional changes in the absence of Itk in stimulated CD3 + T-cells
Stimulating the Itk -/and Wt T-cells with anti-CD3 resulted in 804 differentially expressed probe-sets in Itkdeficiency (74% up-and 26% down-regulated, 68% with p < 0.05), while after anti-CD3/CD28-stimulation the number was reduced to 409 (78% up-and 22% down-regulated; 58% with p < 0.05) as depicted in Figure 1a . Between CD3-and CD3/CD28-stimulations, the overlap was 252 probe-sets (see Table 4 for a list of the 60 most up-and down-regulated transcripts). We show there that Itk was the most down-regulated transcript in Itk-deficiency, followed by Crabp2, which encodes cellular retinoic acid binding protein 2. This is a 15 kD regulator of retinoic acid signaling recently reported to be differentially expressed in acute lymphoblastic leukaemia [26] . Other down-regulated transcripts were IL-2 and IL-3.
Stimulation affected the majority of the transcripts in the same direction as observed in unstimulated cells (p < 10 -6 ) (only in 5/252 cases the CD3-or CD3/CD28-stimulations showed opposite fold-changes; Additional file 4). We show there that the most induced mRNA was Klra8 (Ly49H) (21-fold-change upon anti-CD3-stimulation). Other up-regulated Klrs were Klra3 (Ly49C), Klra5 (Ly49E), Klra7 (Ly49G), Klra19 (Ly49S), Klrc1 (NKG2A/ 2B), Klrd1 (CD94), Klre1 (NKG2I) and Klrg1 (2P1-Ag). By quantitative RT-PCR we confirmed the up-regulated expression of Klrg1, Klra3 and Klra7 in Itk-defective samples ( Fig. 1b ). Two transcription factors, inhibitor of DNA binding 2 (Id2) and eomesodermin, were also found upregulated. Thus, in CD3 + cells, differential transcriptional signatures between Wt and Itk-deficient cells were more pronounced in unstimulated when compared to activated cells.
We continued to analyze the activation-dependent signatures in Wt and Itk -/-T-cells separately. The number of The down-regulated transcripts are shown with "-" probe-sets changing ≥ 2-fold after anti-CD3-stimulation (compared to the unstimulated state) in the Wt samples was 4252, and the corresponding number after co-stimulation was 4385 ( Figure 2 ). The overlap between the two stimulations was 3713 (87% and 85%, respectively; Additional file 5). However, the differences were significantly more pronounced in anti-CD3 versus anti-CD3/CD28 activated cells in the Itk-defective group, with only 50% of the transcripts in the co-stimulated group overlapping with the CD3-stimulated (p < 10 -6 ) (Additional file 6). Thus, co-stimulation had much greater effect on Itk-deficient than on Wt cells. We further examined some of the immune response-related genes previously mentioned. Ten members of the Klr family were up-regulated in unstimulated Itk-defective compared to Wt samples (Table 3) , while after stimulation the majority of Klrs were down-regulated in both Wt and Itk-defective T-cells. Down-regulation of Klrs were also reported for human cells from healthy individuals in a recent paper by Wang et al., where primary human T-cells were analyzed after anti-CD3/CD28-stimulation [27] . With respect to cytokine expression, IL-2 and IL-6 were found up-regulated upon anti-CD3-stimulation in both Wt and Itk-deficient samples when compared to the corresponding unstimulated cells. In contrast, IL-16 and IL-18 were down-regulated (Additional files 5 and 6). Two cytokines, whose expression was only altered in Itk-deficient cells upon anti-CD3-stimulation, were IL-10 (up-regulated) and IL-33 (down-regulated) (data not shown). IL-33 is a novel IL-1 family cytokine, IL1F11/IL-33, playing an important role in eosinophil-mediated inflammation [28] . Interestingly, Itk-deficient mice have previously been shown to have reduced lung inflammation, eosinophil infiltration and mucous production after induction of allergic asthma [29] . No other cytokines were differentially expressed. In the stimulated Wt samples we also observed altered expression of several transcription factors such as Zbtb16 (encoding the transcriptional regulator PLZF), Id2 and Spi-C, while in Itk-defective cells we found Zbtb16, Spi-C and Id3 to be differentially expressed upon stimulation.
CD4 + and CD8 + T-cell signatures in Itk-deficiency
As T-cells can be divided into CD4 + and CD8 + subsets, and as these subsets have very distinct functions and gene reg-ulations, we examined Itk-deficiency in MACS purified CD4 + and CD8 + Wt and Itk-deficient T-cells. The Itk-deficient CD4 + and CD8 + T-cells are known from previous studies to be of a memory-like phenotype, characterized by the markers CD44 and CD122 [9] [10] [11] 13] . Since CD122 expression is enhanced by the transcription factors eomesodermin and T-box 21 (T-bet), we looked for their expression in our data. Eomesodermin was previously reported to be up-regulated in Itk-deficient T-cells [9] and we found the expression of eomesodermin much higher in the CD8 + T-cell population compared to CD4 + in unstimulated condition. The same was also seen with T-bet. Taken together, the observed expression pattern of eomesodermin and T-bet is in agreement with previously published studies and thus validates our microarray data. Moreover, our analysis also includes new knowledge related to these transcripts, namely how they respond to activation of Tcells as well as the effect of CsA (Additional file 7).
Both CD4 + and CD8 + T-cell subsets in Itk-deficient mice have been shown to differ in phenotype compared to the Wt mice. In the absence of Itk, a higher percentage of each subset expresses surface markers, typical for memory phenotype cells, such as CD44 hi and CD122 hi [9, 10, 13] . We sought to determine whether this was also reflected by their transcriptomes. The number of transcripts differentially expressed between unstimulated Itk -/and Wt in the CD4 + population was 2050, while in the CD8 + population the number was higher (n = 6907). The 60 most up-and down-regulated transcripts from each subset are shown in Tables 5 and 6 . Among those are genes already mentioned, e.g. eomesodermin, Klra3 and 8, T-bet and Granzyme M. In these groups we also found Zbtb16. Interestingly, Zbtb16 was 12-fold up-regulated in CD4 + cells and 45-fold down-regulated in CD8 + cells, also suggesting a highly efficient separation of the two subsets. Based on these findings PLZF was selected for further studies presented elsewhere [30] . The most pronounced changes were seen in the CD8 + population (Table 6) , with 69-fold down-regulation of Clca1, which is a calcium-activated chloride-channel, of importance in airway epithelial cells. Two up-regulated transcripts were the PTB-domain containing MAP-kinase regulator Dok5 (29-fold) and αtubulin (30-fold), whose expression in T-cells, to our knowledge, was not previously reported. After anti-CD3- stimulation we found the number of differentially expressed transcripts reduced in both subsets, approximately 30% and 47% fewer probe-sets in CD4 + and CD8 + , respectively. The overlapping probe-sets between the unstimulated and the anti-CD3-stimulated conditions are shown in Figure 3 . 82% of the transcripts in the CD4 + subset were also found in the CD8 + population in unstimulated cells. The percentage of overlapping transcripts decreased with stimulation.
The largest number of differentially expressed transcripts was observed in the unstimulated groups of Itk-deficient CD4+ and CD8+ T-cell subsets. By subtracting the overlapping 1495 probe-sets ( Figure 3 ) from unstimulated Itkdeficient CD4+ and CD8+ cells, respectively, we characterized separate core groups of transcripts for each subset. The remaining number of probe-sets in the CD4+ population was 324 (Additional file 8), while it was more than 10-fold higher in the CD8+ group (Additional file 9). Interestingly, two members of the Klr family (Klrb1a (Ly55a) and Klrb1c (NK-1.1)) were present in the CD4+population, while four other members were found in the CD8+ subset (Klra4 (Ly49D), Klra19 (Ly49S), Klrc2 (NKG2C) and Klrk1 (NKG2D)). Five Klrs were in common between unstimulated CD4+ and CD8+ groups, they were Klra3, a7, a8, a22 and b1b (by comparing 2050 and 6907 in Fig. 3 ). The differentially expressed NK/innate cell-related transcripts were not limited to cell surface markers, since RNA for the cytotoxic protein Granzyme M was strongly enriched in the Itk-deficient population, again confirming that NK-and innate cells have overlapping transcriptomes [31] .
Itk-deficiency mimics calcineurin inhibition
Tec-family kinases activate PLCγ and are therefore important regulators of Ca 2+ -mobilization and the calcineurin/ NFAT pathway [5, 32] . However, Tec-family kinases regulate also other signaling pathways. To investigate which of the Itk-related changes is the consequence of an impaired calcineurin/NFAT pathway, we compared the expression profiles of anti-CD3 ± CD28 stimulated Itk -/-CD3 + T-cells and of CsA-treated Wt T-cells. CsA specifically inhibits calcineurin and by that affects downstream signaling and the activation of the transcription factors of the NFAT-family. Based on the dependency of Itk and/or calcineurin, three groups of genes could be identified: Itk-and calcineurindependent (Itk/CN); Itk-dependent and calcineurin-independent (Itk/non-CN) and Itk-independent and calcineurin-dependent (non-Itk/CN). * Early B-cell factor 1 showed variable expression changes for different probe sets The down-regulated transcripts are shown with "-" Altogether, after anti-CD3-stimulation 4613 probe-sets were differentially expressed in CsA-treated cells compared to untreated, and after co-stimulation the number was reduced by 15% to 3936. The gene numbers observed in Itk-deficient compared to Wt cells were 804 and 409 after anti-CD3-and anti-CD3/CD28-stimulation, respectively ( Figure 1a ). About 60% of the probe-sets that were changed ≥ 2-fold in Itk -/compared to Wt after anti-CD3stimulation were also found in the CsA-treated samples (Figure 4 , Itk/CN anti-CD3, showing the 10 most highlyregulated transcripts). In co-stimulated cells 45% of the probe-sets were the same (Figure 4 , Itk/CN anti-CD3/ CD28). When comparing the Itk-dependent probe-sets being calcineurin-dependent in both stimulations the overlap was 113 (Additional file 10). As expected, IL-2 was found in that group, confirming the biological relevance of our data, since IL-2 is known to be both Itk-and calcineurin-dependent [16, 33] . Among other genes found in this group were Zbtb16 (up-regulated) and Crabp2 (down-regulated). Interestingly, the transcript for chemokine (C-motif) ligand 1 (Xcl1) was down-regulated in the CsA-treated cells while it showed increased expression in Itk-deficient samples. Furthermore, cytotoxic T lymphocyte-associated protein 2 alpha and beta (Ctla2a and Ctla2b) were up-regulated. Interestingly, their altered expression was more pronounced in the CsA-treated (>3 times higher) than in the Itk-deficient samples. Two granzyme-encoding genes, Gzma and Gzmk, were also found among those that were Itk-and calcineurindependent.
The fractions of Itk/non-CN genes (322 vs 225-for anti-CD3-and anti-CD3/CD28-stimulated T-cells, respectively) shared 95 probe-sets, corresponding to 89 transcripts (Additional file 11). Among them were three upregulated members of the Klrs; Klra5, Klra8 and Klre1. After co-stimulation, a much smaller number of probesets were Itk-dependent compared to anti-CD3-stimulation only (p < 10 -6 ). The transcripts being calcineurindependent but Itk-independent (non-Itk/CN group) were 4131 and 3752 in anti-CD3-and co-stimulated cells, respectively. It is interesting to note that CsA-treatment, but not Itk-deficiency (the non-Itk/CN anti-CD3 group), results in severely reduced transcript levels for IFNγ. Previous studies show that an immediate IFNγ release is a hallmark of the innate CD8-population [9, 10] .
NFAT-binding genes that are Itk-and calcineurindependent
The comparison of Itk-deficient and CsA-treated Wt Tcells revealed 482 up-or down-regulated transcripts upon anti-CD3-stimulation. In order to identify putative NFATbinding sites (GGAAA), we selected 24 genes for bioinformatic analyses. The genes were chosen as being highly regulated in the CsA or Itk -/comparisons after anti-CD3stimulation. 19/24 of these genes were also significantly regulated after co-stimulation with anti-CD3/CD28. 15/ 24 genes had putative NFAT-sites in the 500 bp region upstream of the transcriptional start site (Additional file 12). We identified 1 to 2 binding sites in 4 of those genes: IL7R, Bub1, Ctla2a and Ctla2b, as well as upstream of the translation initiation of Schlafen1 (Slfn1) gene (Figure 5a ). To test whether NFAT binds to the promoter region of the genes in vivo, chromatin-immunoprecipitation experiments were performed. As a positive control, we used the IL-2 promoter region known to contain functional NFATsites bound by NFATc1 [34, 35] . ChIP assays demonstrated NFATc1 binding to the IL-2 promoter region as expected and revealed anti-CD3 induced binding of NFATc1 to the selected regions of the five genes. They were also shown to be bona fide calcineurin-regulated genes owing to that the induced binding was reversed by CsAtreatment ( Fig. 5b) . A heat-map presenting the signal intensities of the above mentioned genes is shown in Figure 5c .
Transcripts regulated by Tec-family kinases
Itk is crucial for T-cell development and activation. Similarly, Btk is essential for proper differentiation and activation of B-cells [36, 37] . In a previous study, we investigated the genes modulated by Btk [24] . There was a pronounced overlap 18/38 (47%) between differentially expressed genes from the Itk-defective T-cells (900-list) and the previously published list of Btk-deficient genes from splenic B-cells as analyzed by the U74Av2 chip with approximately 12 000 genes [24] . The overlapping transcripts are shown in Table 7 . Sixteen of the 18 genes were similarly regulated, which shows a highly significant co-variation (p = 0.01). Among these genes were those for transcription factors (Id2, Ikaros and Spi-C), cell membrane spanning (Csf1r, Mrc1 and Vcam1) and secreted proteins (Aif1, Igf1 and Tgfbi).
Discussion
For any analysis of individuals with defective genes there are important considerations related to the choice of accurate controls and the adequate interpretation of the data. This is nicely exemplified in Itk-deficiency. The down-regulated transcripts are shown with "-" 
most up-and down-regulated transcripts in Itk-deficiency after anti-CD3-(1) and anti-CD3/CD28-stimulation (2)
The number of differentially expressed probe-sets in Itk-deficiency versus that the mature as well as the innate populations are deficient because they lack Itk. The net outcome is the sum of these alterations. The same is true in microarray experiments or when phenotypic markers are assayed by other means. In the likely event that the innate populations themselves are further altered owing to lack of Itk, the corresponding population may not even exist in the Wt. The same principle is true for any mutant gene, and it is important to be aware of this fact when interpreting data, including expression profiling, related to such defects. In this report we describe the phenotypic changes in Itk-deficiency and make comparisons to CsA-treatment. Owing to the very large number of genes with altered expression, we here provide an overview of the observed changes. We pinpoint some of the interesting findings obtained from this dataset. However, the original gene profiling data, available to any investigators at GEO, could be analyzed in different ways, depending on the biological question to be answered.
T-cells deficient for the Tec-family kinase Itk have severe impairment during T-cell activation. Furthermore, Itk has also been shown to be involved in signaling pathways that regulate the development decisions of conventional versus innate-like T-cell development [9] [10] [11] [12] [13] , since CD8 + Tcells and a certain fraction of CD4 + T-cells have an innatelike T-cell phenotype. Collectively, these studies revealed that Itk has a crucial and important function in T-cells. In this study we performed an Affymetrix microarray expression analysis to investigate how Itk-deficiency affects the expression profile in T-cells. The effect of Itk-deficiency was investigated in CD3 + T-cells, as well as in the CD4 + and CD8 + T-cell subsets. These signatures for the first time reveal the transcriptome of Itk-deficiency.
The most pronounced changes were observed in resting Itk-deficient compared to Wt CD3 + T-cells. This is in agreement with the previous findings that more genes are expressed in untreated cells as compared to stimulated Tlymphocytes [38] [39] [40] . Thus, after anti-CD3/CD28-stimulation the number of differentially expressed transcripts was dramatically decreased in Itk-defective (down by approximately 50%) compared to Wt cells. This suggests that the CD28 co-stimulatory pathway is less dependent of Itk. It was previously shown that Itk was a negative regulator of CD28-signaling in CD4 + T-cells [41] . However, sorted naïve CD4 + T-cells from Itk-deficient mice had normal CD28 co-stimulatory responses when compared to Wt cells [42] , showing that CD28-signaling is not dependent on Itk in these cells. Our result confirms that Itk is not essential for CD28-signaling and suggests that a great deal of the TCR signaling defects in Itk -/-T-cells is rescued by CD28 co-stimulation in vitro. However, expression of genes that is essential for T-cell proliferation like Il2 remain Itk-dependent after co-stimulation.
It was satisfying to observe the most pronounced transcriptional changes in CD8 + cells, since Itk-deficiency is known to predominantly affect this subpopulation [9] [10] [11] . The overlap between CD4 + and CD8 + subsets was highest in untreated cells indicating an innate-like pattern also of the CD4 + population. Moreover, a recent paper showed that CD4 + T-cells in Itk-deficient mice have a memory phenotype with expression of typical surface markers such as CD62L low and CD44 high [13] . When looking at the specific transcripts for each T-cell subset we found differences in expression of Klrs, two members in CD4 + and four in CD8 + . Klrb1a (Ly55a) and Klrb1c (NK-1.1) were found in CD4 + T-cells. To our knowledge, only NK-1.1 was previously reported for Itk-deficient CD4 + Tcells [13] . Klrc2 (NKG2C) and Klrk1 (NKG2D) were previously reported in CD8 + T-cells [11] . In addition, we found Klra4 (Ly49D) and Klra19 (Ly49S), not previously described in this context. In unstimulated Itk -/-CD3 + Tcells eleven Klr members were found (shown in Table 3 ). Klra3, a7, a8 and b1b were shown to be common to the CD4 + and CD8 + subsets. Interestingly, we found Klra3 and Klra7 to also be calcineurin-dependent, while Klra8 was only Itk-dependent. Of note is also that a cytosolic protein known to characterize NK-cells, granzyme M, was present in the data. It has recently been shown to be expressed in NK-cells and cytotoxic T-cells with innate immune function [31] . Here, we show for the first time up-regulation of
The amount of differentially expressed probe-sets in Wt and Itk-defective CD3 + T-cells following stimulation The down-regulated transcripts are shown with "-" The down-regulated transcripts are shown with "-" this transcript in CD8 + Itk-defective T-cells. As expected, more differentially expressed genes were revealed following separation into the CD4 + and CD8 + subsets. In a mixed population changes that affect both subsets in a similar way are preferentially detected.
Itk-deficiency partially mimicked CsA-treatment, since there was a large overlap of affected transcripts. However, we observed that CsA had a much greater effect on transcriptional regulation compared to loss of Itk, especially after co-stimulation. Approximately 4000 genes were affected by CsA following either anti-CD3-or anti-CD3/ CD28-stimulation, while the corresponding numbers for those also affected by Itk was 482 and 184, respectively. 113 probe-sets were shared between Itk-defective and CsA-treated T-cells independent of stimulation. Among them we found Zbtb16, encoding the transcriptional regulator PLZF, and Xcl1, which is also called lymphotactin or ATAC, a chemokine mainly produced by activated CD8 + T-cells [43, 44] . Also, Crabp2 was found in this comparison showing its calcineurin-dependency. Crabp2 is involved in regulating access of retinoic acid to its nuclear receptors, is developmentally regulated [45] , and has been implicated in various forms of tumors. In addition, our analysis revealed that some of the Itk-induced changes are independent of the Ca 2+ /calcineurin pathway (322 and 225 transcripts after anti-CD3-and anti-CD3/CD28-stimulation, respectively). In this study we did not treat Itk-deficient cells with CsA. Such experiments could give further insights into the calcineurin-dependent regulation.
One interesting example of how different members of a gene family are differentially affected by Itk-deficiency and CsA-treatment is provided by the Granzyme family. Granzymes are serine proteases expressed in cytotoxic lymphocytes [46] . Interestingly, Granzymes A and K were both Itk-and calcineurin-dependent, while granzymes E and M were found to be Itk-dependent and calcineurinindependent after anti-CD3-stimulation. Both granzymes A and K induce caspase-independent cell death. Not much is known about granzyme E, while granzyme M is known to induce cell death in a caspase-and mitochondria-independent way [46] . Granzyme B was only affected in CsAtreated samples and has been shown to be involved in the induction of caspase-dependent apoptosis. Collectively, this demonstrates that expression of granzymes is differentially controlled.
Overlapping probe-sets in unstimulated and anti-CD3-stimulated Itk-deficient CD4 + (left) and CD8 + (right) T-cell populations Anti-CD3-and anti-CD3/CD28-stimulations leading to Itk-and calcineurin-dependent and -independent transcriptional signa-tures Figure 4 Anti-CD3-and anti-CD3/CD28-stimulations leading to Itk-and calcineurin-dependent and -independent transcriptional signatures. Three different groups of genes exist in each stimulation condition. The groups are Itk-and calcineurin-dependent (Itk/CN), Itk-dependent and calcineurin-independent (Itk/non-CN) and Itk-independent and calcineurindependent (non-Itk/CN). 113 probe-sets are overlapping between Itk/CN groups in the two stimulations. In each group the 10 most highly regulated transcripts are presented. All the chosen genes passed the t-test criterion of p < 0.05. The down-regulated transcripts are shown with "-". The transcripts in the two Itk/CN groups passed the criterion in at least one of the two comparisons. Genes previously known to be calcineurin-regulated are grey-shaded [16] . Arrows denoting signal transduction from CD28 have been omitted for clarity.
The comparison of Itk-deficiency and CSA-treated CD3 + Tcells led also to the identification of novel NFAT target genes. The combination of a bioinformatics approach and chromatin-immunoprecipitation assays revealed that IL7R, Schlafen1, Bub1, Ctla2a and Ctla2b are novel Itk-and calcineurin-dependent genes with seemingly functional NFAT-binding sites. However, they can be regulated in different ways, e.g. Ctla2a and Ctla2b, IL7R and Slfn1 were negatively regulated, while IL-2 and Bub1 were positively regulated by CN-dependent pathways. The same regulation pattern was observed in unstimulated Itk-deficient samples, but after anti-CD3-stimulation IL7R and Slfn1 became positively regulated by Itk (Fig. 5c ). Members of the Schlafen (Slfn) protein family have been implicated in the regulation of cell growth and T-cell development. Furthermore, similar to the Il2 gene [47] , AP-1 and NF-κB are reported to regulate Slfn2 expression [48] . Bub1 (budding uninhibited by benomyl) is a serine/threonine kinase that has a function in the mitotic spindle checkpoint and is mutated in certain types of human cancer [49] . Ctla2a and Ctla2b are cysteine proteinase inhibitors expressed in activated T-cells and mast cells [50] . Both naïve and memory T-cells have high levels of IL7R, and IL7 is required for their homeostasis [51] . Furthermore, recently it was shown that Wt and Itk-deficient CD4 + T-cells express similar levels of IL7R (CD127) [13] . Certain genes in the Itk/ CN group did not have bona fide NFAT-sites as determined by our bioinformatic approach. This could be due to that the current data base algorithms are not good enough to predict the putative sites or that the chromosomal stretches harboring NFAT-sites are located outside the 500 bp region that we choose to study. Future studies will aim to reveal a possible link between the altered expression of these genes and the phenotype of Itk-deficiency.
Finally, a comparative analysis of Itk-deficient T-cells and Btk-deficient B-cells revealed a significant overlap of transcripts, indicating that there is a common Tec family gene expression profile in lymphocytes. The fact that 16/18 genes had a similar fold-induction in T-and B-cells (p < 0.05) suggests common regulation of these genes by Itk and Btk. Conversely, the observation that two transcripts (Col14a1 and Ccr1) were differentially expressed may simply reflect that B-and T-cells represent different lineages, each characterized by unique features of their transcriptomes. Of the six most up-regulated genes in Btkdeficiency [24] all of them were >2-fold changed in cells lacking Itk, eight of which were also significantly altered in Itk-deficient T-cells (with p-values ranging from <0.05 to <3 × 10 -5 ). Tgfbi, which was up-regulated in Btk -/and confirmed as highly increased in Itk -/-(p < 3 × 10 -5 ) samples, encodes an extracellular protein that mediates cell adhesion to collagen, laminin and fibronectin via its interaction with integrins [52] . Since these 16 genes are common to both Btk-and Itk-dependent transcriptomes NFAT-binding genes being Itk-and calcineurin-dependent Figure 5 NFAT-binding genes being Itk-and calcineurindependent. a. Promoter regions with NFAT-binding sites in IL2, IL7R, Bub1, Slfn1 (Schlafen1), Ctla2a and Ctla2b genes are shown with the binding site(s) represented by black boxes. This identification was done by bioinformatic analyses of the 500 bp region upstream of each gene's transcriptional start site. This approach identified 1-2 NFAT binding sites within the promoter regions of these genes as well as upstream of the translation initiation of Slfn1 gene. The numbers below each box represent the position of the binding site in correlation to the transcription start. The arrows indicate forward and reverse primers. b. NFATc1-binding in IL2, IL7R, Bub1, Slfn1, Ctla2a and Ctla2b genes. CD3 + T-cells were isolated from Wt thymus (thy) and spleen (spl) as described in experimental procedures. The PCR pictures were analyzed with Fluoro-S gel documentation equipment (BioRad Laboratories, CA) with a CCD camera, and further evaluated using the Quantity One software. Input; DNA before IP, NTC; no template control. c. Signal intensities of the six genes in Wt unstimulated, Wt anti-CD3-stimulated, Wt anti-CD3-stimulated + CsA-treated, Itk-defective unstimulated and Itk-defective anti-CD3-stimulated samples. The figure was made in dChip [21] . The color scale in the lower part of the picture corresponds to the mean expression of a gene. The red color represents expression level above mean expression of a gene across all samples, the white color is mean expression and the blue color represents expression lower than the mean.
it seems likely that the corresponding promoters could be activated through signaling components controlled by either pathway. Future identification of regulatory elements targeted by common factors could reveal the underlying mechanism.
Conclusion
This report is the first to define the transcriptional signature of cells from Itk -/mice. The transcriptome of Itk-deficient cells revealed that there is a large overlap with regular CD4 + and CD8 + cells. Future studies analyzing different stages of innate, memory-like cells from Wt mice will aid in unraveling to what extent the innate population of Itk-deficiency also shows unique features, which differ from normal mice.
